Abstract
Introduction

39
Access to clean water is a basic human right, and one of the cornerstones of bearing minerals, when exposed to oxidising conditions . AMD 53 emanating from active or abandoned mines and from mine wastes are often net acidic. These 54 effluents pose an additional risk to the environment, since they often contain elevated 55 concentrations of metals (iron, aluminium and manganese, and possibly other heavy metals) 56 and metalloids (Johnson and Hallberg, 2005) . South Africa has a long history in mining and 57 its economy is still largely driven by a strong mining industry, nonetheless growing evidence 
104
As far as its physical and chemical characteristics are concerned, the AMD under 105 study is very acidic with pH 2, and contains high amounts of sulphate, Fe, Al and Mn, Mg
106
and Ca (Table 1) .
107 Table 1 : AMD physicochemical characteristics, before and after treatment (data taken from (Masindi, 2017 bubbling to correct the pH to 7.5 and recover limestone (CO 2 bubbling). The main products 115 of this treatment process comprise the treated AMD effluent and the produced sludge. The 116 latter is typically discarded for landfilling, but it can be also valorized as will be discussed in 117 the sensitivity analyses section. As shown in Table 1 , the system is capable of providing a 118 high quality treated water output, which meets South Africa's water quality standards to be 119 safely returned to nature, or used for industrial and agricultural purposes (DWAF, 1996) . 
124
The aforementioned system was designed, constructed, and commissioned at the 125 premises of CSIR Pretoria campus, South Africa, where it operates at semi-industrial scale
126
and is able to effectively treat 3.5 m 3 of AMD daily ( Figure 3 ).
127
At the time of writing, a reverse osmosis (RO) followed by chlorination tertiary 128 treatment system is under testing in order to explore the possibility to produce drinking water; 129 a viable product for South African rural communities. All process steps take place in the 130 same reactor (i.e. clarifier), since each process step has to be completed before moving on to 131 the next step. This reduces the system's initial capital expenditure and less space is occupied, i.e. land use is minimized. 
135
Africa.
137
A detailed discussion regarding the four process steps under study can be found in constitute the intended audience of this work.
165
In order to quantify the environmental performance of the system 1 m 3 of effluent 166 generated by the AMD reactor was set as the functional unit. Therefore, input and output data 167 were normalized per m 3 of effluent water treated by AMD reactor. Furthermore, the 168 attributional (ALCA) approach was used, since it estimates the environmental impacts of a 169 product/system attributed to the delivery of a specified amount of the functional unit 170 (Chatzisymeon et al., 2016) , which is the case here.
171
The environmental modelling was carried out using the SimaPro 8 software package, The time-related coverage of this work refers to present, i. 
183
In Figure 4 the system boundaries, which define the smallest elements (i.e. unit as land use were into account separately, i.e. a sub-system for infrastructure was created. 
Life cycle inventory (LCI)
202
As mentioned above, primary LCI data for the system under study (i.e. semi-industrial
203
AMD treatment plant) were collected from its construction and operation phase in CSIR
204
Pretoria campus, South Africa. Table 2 summarizes the LCI that were used in this work, for the system base) had a very low to negligible score. Therefore, the main contributors to 300 the total carbon footprint are electricity consumption from South Africa's fossil fuel- inventories. Figure 6 shows the contribution of all process sub-systems to each of the
310
ReCiPe's 18 midpoint impact categories (characterisation). It is observed that the treatment 311 step that has the highest contribution to all impact categories is the CO 2 bubbling stage.
312
Magnesite, limestone, and soda ash treatment yielded comparable scores to most impact 313 categories, while infrastructure (i.e. land use, concrete slab/foundations and piping) has a 314 very low to miniscule contribution to all impact categories (Figure 6 ).
315
The high scores (from 25% -85%) of the CO 2 bubbling stage are attributed to the 316 high liquid CO 2 amounts required to drive the process, while electricity for water pumping 317 required in this step had a much lower contribution. CO 2 is mainly generated as a by-product 318 from various industrial production processes, primarily from ammonia or hydrogen 319 production, and almost half of the amount produced is used directly in its gaseous form in the 320 close neighbourhood, mainly to produce urea or methanol. If gaseous CO 2 is sourced directly 321 from another production process it could be assumed that it will be free of any environmental 
328
This scenario is examined in the sensitive analyses section. 
332
Since the electricity inputs during the first three steps are the same, their differences 
351
In order to get a better idea of the relative magnitude of each treatment step, results
352
were normalised using the world's reference inventories (i.e. the world normalisation factors 
363
The high scores in the (eco)toxicity (MET, FET and HT) and eutrophication (FE) 
377
As far as the FE impact category is concerned, mining activity is an increasingly 378 important stressor for freshwater ecosystems, since sulfate can co-vary with other 379 environmental parameters, such as nitrogen and phosphorus, and impact aquatic organisms.
380
The reason is that the introduction of sulfates in natural water matrices, through mining The liquid CO 2 used in the bubbling stage was found to be the main environmental 427 hotspot of the system. This, is attributed to the large quantities required and to the energy and proximity. In these cases, since the gaseous CO 2 is produced as a by-product of another 436 engineering process, it could be assumed that it will be free of any environmental burden
437
(Althaus et al., 2007), thus improving the system's overall environmental sustainability.
438
A scenario dealing with directly using gaseous CO 2 that derives as produced as a by-439 product, e.g. flue gas, was examined. If environmental burden-free gaseous CO 2 is fed into 440 the bubbling stage, then the environmental footprint is reduced by ~36%, i.e. these costs depend on the specific technology, power rating and various others parameters.
530
For example, (Ross et al., 2016) estimated that the present LCOE of producing electricity 531 using a solar photovoltaic (PV) system in South Africa ranges from R0.915 to R2.07 per 532 kWh. This cost is sensitive to changes in the discount rate, the level of insolation at the 533 location where the panels will be placed, the initial cost of the system and the efficiency of 534 the panel (Ross et al., 2016) . Overall, this cost is comparable or cheaper (see Table 3 ) than 535 the cost of purchasing electricity from ESKOM, the state owned enterprise that generates 536 approximately 95% of the electricity used in South Africa (Ross et al., 2016) . Therefore, it is 537 inferred that solar energy could be an economically feasible electricity source for AMD in
538
South Africa. Also, the current cost of electricity from solar PV systems suggest that the 539 AMD treatment system could viably operate off-grid, with the addition of a power bank (e.g.
540
see (Foteinis et al., 2018) ), since it is estimated that low to no additional costs would be 541 incurred per treated m 3 of AMD. In this case, however, the total electricity cost would have to 542 be paid upfront, i.e. the CAPEX would be higher, but operating costs would be minimized. 
Conclusions
544
The environmental sustainability of a typical AMD treatment method was examined 545 by means of the life cycle assessment (LCA) methodology. Actual life cycle inventory (LCI) 
